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Spatially-resolved temperature diagnostic for the chemical oxygen-
iodine laser based on a variant of saturation spectroscopy

Grady T. Phillips, Glen P. Perram, and Won B. Roh
Air Force Institute of Technology

ABSTRACT

The Chemical Oxygen-Iodine Laser (COIL) depends upon a supersonic mixing nozzle to produce optical gain on the
2p1 /2 _ 2P3/2 atomic iodine transition at X = 1.315 gim. The translational temperature in the gain generator is particularly

important, as the yield of singlet oxygen required to reach lasing threshold decreases from 17% at room temperature to
6% at T=1 50K. We have demonstrated an optical technique for measuring the gas temperature in the COIL supersonic
expansion region with a spatial resolution of less than 12 mm 3 using a novel variant of saturated laser spectroscopy. The
sub-Doppler hyperfine spectrum of the visible I2 X1Zg+-- B3H(Ou+) transition exhibits 15 or 21 transitions and has been
recorded using laser saturation spectroscopy with a resolution of about 10 MHz. Pressure broadening of the hyperfine
components and cross-relaxation effects have been studied and depend significantly on rotational level. By altering the
saturation spectroscopy apparatus so that the pump and probe beams are nearly co-propagating, a Doppler profile,
limited to the iodine sample in the volume of the overlapped beams, is obtained. Temperature, as derived from the
Doppler profile, is spatially resolved and used to examine the flow from a small supersonic nozzle assembly.

Keywords: saturation spectroscopy, iodine, hyperfine spectrum, linewidth, pressure broadening, temperature diagnostic,
Chemical Oxygen-Iodine Laser (COIL),cross-relaxation, velocity-changing collisions

1. INTRODUCTION

Since the first demonstration of a Chemical Oxygen-Iodine Laser (COIL) in 1978,1 the technology has advanced
significantly to supersonic laser devices with high output power and excellent beam quality.2 4 The Chemical Oxygen-
Iodine Laser operates on the hyperfine components of the 52p1/ 2 - 52P3/2 transition in atomic iodine and is chemically
pumped through energy transfer from the metastable 0 2(alA). The 0 2(a'A) and I(2P 1 2) states are nearly resonant with an
energy defect of only 279 cm-1. Several excellent reviews of the laser hardware, chemistry, laser physics, and fluid
dynamics of these devices are available.24

The COIL device employs a supersonic mixing , _" _ -_--__
nozzle to: (1) inject, mix and dissociate molecular
iodine to produce the lasant, atomic iodine, (2) -- .•1 _R
produce a spatially uniform gain and a region of '

uniform index of refraction for good beam quality, _--- Z

(3) increase the laser power for a given flow cross-
sectional area, and (4) reduce the gas temperature in" - (.._ -

the gain cavity. The translational temperature is -• -- Laser beam

particularly important for COIL, as the yield of .42 HES (e4/,'Kfl-1. 0.01"I

singlet oxygen required to reach lasing threshold 21 HOLE (42/aLADE). 02'",A2
decreases from 17% at room temperature to 6% at T= 150K.2  Figure 1. RotoCOIL mixing nozzle.2

Spatial distributions of the small signal gain and cavity temperature at the exit of the supersonic mixing nozzle of
Chemical Oxygen-Iodine Lasers (COIL) have been measured previously by diode laser spectroscopy on the 2p1/2(F'=3) -
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2P3/2(F=4) transition in atomic iodine.5 The resulting cavity temperatures of about 200 K is significantly higher than the
predicted temperature of the supersonic expansion of about 150 K. The technique is limited to measuring an average
temperature along the direction of the diode laser beam propagation and may be biased due to the directed flow resulting
from symmetrical turbulent vortices, as illustrated in Figure 1. An optical technique for measuring the three-
dimensional temperature flow field at the exit plane of the supersonic nozzle is required to fully assess nozzle efficiency
and chemical heat release during 1, dissociation. The focus of the present work is to exploit a novel variant of laser
saturation spectroscopy to develop a temperature diagnostic with spatial resolution of less than 12 mm 3.

2. EXPERMENT

Laser saturation spectroscopy is a well established technique for obtaining sub-Doppler resolution in gas phase
spectroscopy. 6 The technique depends on the selection of a subgroup of molecules with a small range of velocities near
v=0 using a narrow linewidth laser source.6 In particular, saturation spectroscopy is based on the selective saturation of
an inhomogeneously broadened transition. A laser source "bums a hole" into the population distribution of the
absorbing state by exciting a corresponding peak in the same velocity component in the upper state. Such a hole can be
detected by frequency scanning a second laser source through resonance with the first source and monitoring the
attenuation of the transmitted beam.

If the output from a single laser is split into
two beams which are arranged to counter-
propagate in the same media (see Figure 2), Beam Splitter
then two holes will be burned symmetrically Chopper
about the line center. The two beams interact
with the same velocity groups only when the
laser is tuned to line center. The absorption of IC
one of the beams (probe beam) will diminish
at line center if the intensity of the second
beam (pump beam) is sufficiently intense (near
saturation) to alter the population distribution
in the absorbing state. This dip in the probe
beam absorption at line center due to the
counter-propagating pump beam is termed the Lamb Dip. One technique for using this Lamb Dip to perform sub-
Doppler spectroscopy involves modulating the amplitude of the pump beam and monitoring the modulated portion of the
transmitted probe beam. A non-zero signal is obtained only when the two beams interact with the same velocity group
(v=0) in the region where the two beams are overlapped. The observed lincwidth is reduced to the homogeneous
(Lorentzian) limit. Such sub-Doppler spectroscopy has been demonstrated for molecular iodine,7 and other atomic and
molecular species.

6

In the current paper we demonstrate a novel variant of the laser saturation spectroscopy which retains the Doppler-
limited lineshape, but provides spatial resolution. A schematic diagram for these experiments in shown in Figure 3. By
arranging the pump and probe beam to cross each other with a small, but finite angle, the two beams can be made to
simultaneously interact only with a small volume
of gas. Since the two beams propagate in the
same direction, they always interact with the
same velocity group, and the full Doppler profile
is retained. The Doppler profile can then be
utilized to determine the translational B "
temperature for the absorbing medium in the ok

crossing volume. The width, AVD, (FWHM) for Mirror
a single Doppler broadened line is related to the Cellr
temperature, T, according to the relationship:
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where v. is the line center and M is the mass of the absorbing atom or molecule. By fitting the theoretical spectrum to
the experimental spectra, using the temperature as the fitting parameter, one can determine the local temperature of the
absorbing medium.

Molecular iodine, 12, is a convenient candidate for laser saturation spectroscopy in the COIL device. The saturation
intensity is low and many ro-vibrational transitions of the B-X system are accessible in the red portion of the visible
spectrum. The near coincidence of several rotational features, possible from different vibrational levels may aid in
temperature determination, as the intensities of the rotational features are given by the statistical distribution:

N(J) (hcBV (2 J + 1)eJ(J+)hcBv/kT(

N,ot - k 2J (2)

where Bv is the rotational constant and J is the rotational quantum number.

In the present study, a Coherent model 899 ring dye laser pumped by a Spectra Physics Model 2080 Ar+ laser at 514.5
nm was used as the laser excitation source. Exciton Rhodamine 590 dye was used to cover the spectral region
16260.16- 18083.18 cm-1. The intensity of the transmitted probe beam was monitored with a Hamamatsu S2281 silicon
photodiode. The side fluorescence was detected with a Burle Photomultiplier Tube model C31034A02. The laser beam
was amplitude modulated with a Model SR540 mechanical chopper at 0 - 4000 Hz and the phase sensitive detection was
accomplished using a Stanford Research Systems model SR850 lock-in amplifier. A static glass cell (41.5 cm long) was
evacuated to < 16 mTorr using a Alcatel 2015 C2 rotary vane pump. Iodine and added buffer gas pressures were
monitored with MKS pressure transducers: MKS Model 390HA for < 1 Torr and a MKS Model 690A for 1 to 1000
Torr; both utilizing a MKS Type 270 signal conditioner.

3. RESULTS

3.1 Hyperfine Spectrum 2500 IIo Ill 1 III I iI l

The sub-Doppler laser saturation spectrum of the isolated 2000

(171) P(70) line of the 12 Xl1g+ - B3 H(0u+) transition at
v=17339.8187 cm-1 is shown in Figure 4. The spectrum is 1500
composed of a set of either 15 or 21 hyperfine spectral
components, depending on the parity of the rotational >.
state. The hyperfine components are labeled according to • 1000

value of F-J, as discussed below.

The Hamiltonian for the nuclear electric quadrupole 0

interaction is: 0.0 0.2 0.4 0.0 0.8 1.0

A.. IfMU- %l.

j) ) +t121J 3(12 J) 2 +-(3 12 .. Iji 2
HiNEQ =-eQq 3(i 2 1132 ' ')1' 3

2(2J + 3)(2J --• )1 (21, -1) 2(2J + 3)(2J - 1)12 (212 -1)
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where Q is the electric quadrupole moment, qj is the average E-field gradient along the J direction, e is the electron
charge, J is the sum of the spin and orbital angular momentum of the molecule, and 11=12=5/2 is the atomic iodine
nuclear spin angular momentum. The Hamiltonian for the nuclear magnetic dipole interaction is

G-H ,. =p G ) (4)

where jiG/I 1 is the spin rotation coupling constant. Finding energy eigenvalue solutions to the Hamiltonian involves the
diagonalization of a nontrivial matrix. However, approximate solutions can be found for J>>l of the form:8

E = ENEO + E•¢

ENEQ - femq {( 1 + M~2 MFM+i)-IP(i, + I] 3MFMMf+i)-I,(I,+) 2,I+I)} (5)

Em_ G(MI + M2)J Table I
1i Hyperfine splitting for v'=21, J'= 116.

M1  M2  F-J F ENEO+Em
Table I provides an evaluation of equation (5) for v'=21, J'= 116 line using the 2.5 2.5 5 122 755.989

values eQq=-2900 MHz and G/Il =0.049 MHz. For 11=12= 5/2, the possible 2.5 1.5 4 121 307.820

values from the projection along the internuclear axis are -5/2• MI, M2 < +5/2. 2.5 0.5 3 120 87.375
The Pauli exclusion principle requires the total wave function of a homonuclear
diatomic molecule with a half integer nuclear spin remain antisymmetric under an 2.5 -1.5 1 118 3078
exchange of the nuclei. As a consequence the M1 = M2 combinations are forbidden 2.5 -1.5 1 118 307.352
for J'=odd, but included for J'=cven. The relative line positions for v'=21 for a 2.5 -2.5 0 117 736.619
broad range of rotational states based on the approximate solution of equation (5) 1.5 1.5 3 120 -140.349
is provided in Figure 5. 1.5 0.5 2 119 -360.794

1.5 -0.5 1 118 -359.091
1.5 -1.5 0 117 -140.817

140 - 505 -41-14 -3-223 --- 303 -2-112 -- 101 -F-,J
____1.5 -2.5 -1116 288.450

200.5 0.5 1 118 -581.238
80___ _ 0.5 -0.5 0117 -579.535

-Io_0.5 -1.5 -1 116 -361.262

60 00.5 -2.5 -2 115 68.005
20:6 7 .. : i• -0 .50 " -0 .5- ' -1-2 1 161 1 -5 7 7 .8 326" 0

20 -0.5 -1.5 -2 115 -359.559-600 -4U.00 - WO 40W

-0.5 -2.5 -3 114 69.708A, (MHz) -1.5 -1.5 -3 114 -141.286

-1.5 -2.5 -4 113 287.981
Figure 5. Predicted hyperfine splitting within v =21. -. 5 -2.5 -5 112 219.92

-2.5 -2.5 -5 112 219.592

3.2 Pressure Broadening

The hyperfine components are well represented by pressure dependent Lorentzian lineshapes. In Figure 6, the hyperfine
spectrum is shown for two argon buffer gas pressures. Significant broadening is evident for low pressures. A set of
Lorentizan lineshapes with common widths have been fit to the type of hyperfine data of Figure 6 for a variety of argon
buffer gas pressures where the 12 pressure was fixed at .1635 Torr. The resulting linewidths are shown in Figure 7. The
fit includes a Gaussian baseline, which is described below in the velocity cross-relaxation discussion.

The intercept in Figure 7 indicates a zero-pressure broadening of 9.40 ± 0.16 MI-lz, which corresponds to natural
broadening with a lifetime of 0.67jis. The collisionless lifetime (1/t =l/Trd+l/r, n ) for this state is t = 1.08-1.14 gs.

9
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The slope in Figure 7 provides a pressure broadening rate of 8.14 ± 0.30 MHz/Torr. This result is somewhat higher than
the value of 6.6 MHz/Torr reported from Doppler limited absorption studies, 10 and significantly larger than the (v,J)
dependent rates of 0.31 - 2.96 MHz/Torr reported from fluorescence depolarization studies." Further studies are in
progress to examine the pressure broadening rates for a wide variety of collision partners.
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Figure 6. Pressure broadened hyperfine spectrum for the (17, 1) P(70) line.
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Figure 7. Pressure broadening rate for (17,1) P(70) line with argon collision partner.

Pressure broadening at higher pressures can be obtained from the laser excitation spectra. Figure 8 illustrates the side
fluorescence intensity as a function of laser frequency and represents the convolution of 15 Voigt broadened hyperfine
levels. To extract the pressure broadening rates, a fit of the hyperfine lines is performed. The spectrum of Figure 8 is fit
to the convolved lineshape function:

15or, 21

15or21 -c WVoigt(v;liVoAV,AvL)

gv(V)= jVoigt(v;Ii,Voi,AVD,AVL)e itt +a+bv (6)
i=1

where a and b represent the background baseline, c is required to model the self absorption of the pump beam by the 12

gas, the relative intensities of the hyperfine components, Ii, are constrained by their statistical weights, 2F+1, voi is the
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hyperfine component line center positions as determined from the sub-Doppler spectrum, AVE is the common Doppler
width (FWHM), and AVL is the common Lorentzian width (FWHM). The fit shown in Figure 8 was performed with the
Doppler width constrained by the known sample temperature at T=292.6 K, and the Lorentzian width defined by the
intercept in Figure 7 and the self broadening rate of 712= 8 MHz/Torr.12 A complete analysis of these laser excitation
spectra lineshapes at high pressure for a wide variety of collision partners is in progress. A fit to the 12 side fluorescence
broadened by Ar buffer gas is shown in Figure 9 where the Doppler width is constrained as mentioned and the
Lorentzian is defined additionally by the Ar pressure broadening rate from Fig. 7.

1000 1000
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500 00
500

250 250
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Figure 8. Laser excitation spectrum of (17,1) P(70) line at 36.5 mTorr 1.
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Figure 9. Laser excitation spectrum of (17,1) P(70) line at 163.5 mTorr 12 and 3.I Torr Ar.

3.3 Velocity Cross-Relaxation

The sub-Doppler laser saturation spectra exhibit a broader feature upon which the hyperfine structure is superimposed.
The amplitude of this feature depends on rotational level, J, pressure, and modulation frequency, as shown in Figure 10.
Two, closely spaced rotational lines with significantly different rotational states are overlapped in these 2 GHz scans.
The broader feature is much more intense for the lower rotational level. The intensity of the broad feature relative to the
intensity of the hyperfine resolved components decreases with modulation frequency (as shown in Figure 10b) and total
pressure. Similar affects have been observed previously and attributed to velocity cross-relaxation dynamics.7
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To further illustrate these collisional dynamics, consider the following example. An 12 non-zero velocity group, Vg,
interacts with the pump beam and then suffers a collision that converts the velocity group to - Vg. The probe beam is
then in resonance with the new velocity group, and as long as the collision occurs during the same modulation cycle, a
the probe laser intensity is correlated with chopping frequency. Since such collisions can occur for any velocity group,
Vg, a broad feature with Gaussian shape is obtained. At higher pressures and lower modulation rates, more collisions
occur and contribute to a more intense feature. Apparently, the dynamics are dominated by rotationally inelastic
collisions, yielding a strong dependence on rotational state. Multiple collisions would be required for R-T events, to
return the population to the initial state and contribute to the observed lineshape.

I13julpg
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Figure 10 Upper spectrum taken at a chopping frequency of 1000 Hz. Lower spectrum taken at a chopping frequency of 3754 Hz.

3.3 Spatially-Resolved Temperature Diagnostic

The Doppler limited laser saturation spectrum for the (17,1) P(70) line using the apparatus described in Figure 3 is
shown in Figure 11.13 For these studies, a static 12 cell with differential heating was employed. The hot end of the cell
was maintained at T = 523 K. The pump and probe beams were co-propagated with a small crossing angle of 3.8
degrees, resulting in a crossing volume of 12 mm3. Three spectra were recorded; near the hot end, in the center and near
the colder end of the 0.5" diameter by 6" length cell. The width of the observed lineshapes increases with increasing cell
temperature, establishing the feasibility of extracting spatially resolved temperatures. The lineshape studies discussed
above are essential to extracting accurate temperatures.

Figure 12 predicts the lineshapes for temperatures in increments of 50 K from 50 - 400K. The sensitivity of the
diagnostic is improved at lower temperatures, and we are pursuing the application of the technique in a supersonic
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expansion as discussed below. The uncertainty in extracted temperatures may be further enhanced by using several
closely spaced lines associated with different rotational levels as shown in Figure 10. The rotational Boltzmann
distribution of equation (2) can be used to further constrain the temperature.

1Ad

,,110 400 440 1 400 Do 1200

Figure 11. Doppler-limited saturation spectra at three locations Figure 12. Predicted Doppler-limited saturation spectra
in a differentially heated cell. at T=50 - 400 K in 50K increments.

A Laval nozzle designed by the Air Force Research Laboratory will be used to simulate the conditions in a COIL
supersonic nozzle. The Laval nozzle produces a flow at the exit with constant Mach number.14 A schematic of the nozzle
is shown in Figure 12. A diffuser is located after the gas inlet to establish a near-zero net hydrodynamic velocity. After
the diffuser, there is a convergent section where the flow begins to accelerate and then passes through the throat, to reach
its maximum velocity. The Mach number at any point in the along the nozzle can be obtained from the expression for the
area ratio:14

k+1

where A* is the cross-sectional area of the throat, k=cp/c,, is the ratio of the heat capacity at constant pressure to the heat
capacity at constant volume, and M is the Mach number. At the throat, the Mach number is 1. Assuming the flow is
accelerated to a uniform Mach number, the drop in temperature and pressure can be computed from: 14

T, = 1 + k - I M 2 , (8)
T 2

and

k

PO __ k - I M2 k1, (9)
P2

where To, and po are the temperature and pressure in the pre-expansion stagnation region. Assuming the stagnation
temperature T,=298.15 K, the temperature at the point where the nozzle widens to 0.7 cm is T= 183 K.

4. CONCLUSIONS

A novel variant of laser saturation spectroscopy to diagnose the temperature in the supersonic nozzle of a Chemical
Oxygen-Iodine Laser has been demonstrated. Accurate temperature measurements require high signal-to-noise spectral
lineshapes and detailed characterization of hyperfine line positions, pressure broadening rates, and self-absorption.
Initial studies of the sub-Doppler lineshapes have been reported. The sub-Doppler spectra exhibit features related to
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velocity cross-relaxation which may be used to study rotationally inelastic collisions. The extension of this technique to
supersonic flows is in progress.

,•,..%,.Th,"oot M05 cm) Putsed LASER Path/i A
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Figure 13. Laval nozzle for demonstration of spatially resolved temperature measurement at low temperatures.
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